Abstract: Current design practice for pipe-seabed interaction in soft soils is generally based on the assumption of undrained behaviour throughout laying and subsequent operation. In reality, drainage and consolidation around a partially embedded pipe can have a marked effect on the vertical penetration and horizontal breakout resistance. In this paper, a large-deformation finite element methodology coupled with the "modified Cam clay" plasticity soil model has been developed to study the coupled consolidation behaviour of soil around partially embedded seabed pipelines. Simulations of penetration show that after laying, subsequent consolidation leads to further embedment by an amount dependent on the level of drainage that occurred during laying. Also, if the pipe is embedded under undrained conditions, the waiting period between laying and operation allows the soil around the pipe to consolidate under the pipe self-weight. The consolidation process results in an increase in the strength of the soil. The lateral breakout resistance and the direction of pipe movement on breakout thus depend on the consolidated strength of the soil around the pipe, as well as the applied loading. The envelopes of vertical-lateral combined loading bearing capacity differ markedly from those predicted assuming undrained behaviour throughout.
Introduction
When offshore oil and gas reserves are exploited in deep-water, long pipelines are required within each field and are often used to transport the hydrocarbons to shore. In shallow water, where hydrodynamic loading is severe, pipelines are sometimes buried in a trench or secured with alternative stabilization measures. In deeper water, the option of burying the pipe is uneconomical. Deep-water offshore pipelines are laid directly onto the seabed. High operating temperature and pressure result in high axial strains in the pipe, mobilizing axial resistance between the pipe and the soil. Resulting compressive axial forces in the pipe may be relieved by lateral buckling of the pipe at designed locations, where the pipe can move several times its diameter laterally (Bruton et al. 2008) .
To design a reliable pipeline that includes such lateral buckling, it is necessary to predict the lateral and axial pipe-soil resistance forces, which both depend on the pipe embedment and the strength of the surrounding soil. In deep water, the seabed typically comprises soft fine-grained sediments, which can consolidate and change in strength over the time periods relevant to the operating life of a pipeline. In this paper, the effects of consolidation on two key aspects of deep-water pipeline design are studied: firstly, the effect of consolidation on pipeline embedment; and secondly, the effect of consolidation on the lateral breakout behaviour.
Undrained embedment and lateral breakout of pipelines have been studied theoretically , numerically (Aubeny et al. 2005; Merifield et al. 2008 Merifield et al. , 2009 Wang et al. 2010; Chatterjee et al. 2012a Chatterjee et al. , 2012b and experimentally (Cheuk et al. 2007; Dingle et al. 2008; Cardoso and Silveira 2010) . Theoretical solutions based on limit plasticity have been validated through experimental and numerical studies. Aspects of this work are now used routinely in design to assess the initial embedment of pipelines on clay Cheuk 2005, 2009; AtkinsBoreas 2008) . This approach assumes that undrained conditions apply throughout the laying process and subsequent operations, and consolidation settlements are generally neglected. Also, it is usually assumed that the soil strength during pipe breakout is unaffected by consolidation under the pipe weight during the period between laying and breakout. The effect of these assumptions is investigated in this study.
Previous efforts in the literature to model coupled consolidation behaviour under partially embedded pipes have mainly been limited to small-strain elastic solutions (Gourvenec and White 2010; Krost et al. 2011) . The prediction of pore-water pressure dissipation assuming the soil to be elastic can be reasonably accurate. However, the assessment of settlement associated with consolidation can be erroneous if plastic properties are not taken into account. Chatterjee et al. (2012c) developed a largedeformation finite element (FE) methodology combined with the "modified Cam clay" (MCC) plasticity soil constitutive model to study the pore pressure dissipation beneath partially embedded seabed pipelines. In this paper, the same methodology has been used to study the effect of consolidation on penetration behaviour and subsequent lateral breakout resistance.
Numerical methodology
A large-deformation FE methodology based on the "remeshing and interpolation technique with small strain" (RITSS; Randolph 1998a, 1998b) and using the ABAQUS commercial FE software (Dassault Systèmes 2011) was developed for this study. The RITSS methodology is a variant of the Arbitrary Lagrangian Eulerian (ALE; Ghosh and Kikuchi 1991) approach of solving largedeformation nonlinear problems. In this method, mesh and material displacements are uncoupled to avoid mesh distortion and entanglement. Large displacement of the pipe is accomplished in several steps by moving the pipe in a series of small displacements and performing a small-strain Lagrangian analysis using ABAQUS in each step. After each small-strain analysis, the boundary of the deformed domain is extracted and the whole soil domain is remeshed.
The MCC soil constitutive model was used to simulate the coupled consolidation behaviour. During each remeshing step, the effective stress, void ratio, pore-water pressure, and current size of the yield envelope (controlled by the pre-consolidation pressure, p c ) are all remapped from the old mesh to the new mesh. The output parameters that are calculated at integration pointssuch as effective stress -are first recovered from the old integration points to the old nodes using the superconvergent patch recovery (SPR) method (Zienkiewicz and Zhu 1992) and then interpolated to the new integration points.
For nodal solution parameters, such as pore-water pressure, there is no need for a recovery process. These parameters are interpolated directly from the old nodes to the new nodes. The interpolated parameters are assigned as initial conditions for the next small-strain step. This process is repeated until the desired pipe displacement is achieved. The whole process is automated by a master FORTRAN program and the different ABAQUS stages are carried out using the in-built scripting language Python (Wang et al. 2010; Chatterjee et al. 2012a ).
Model description
A two-dimensional plane strain model was constructed with the pipe as a rigid body and the soil as deformable. The extent of the model was 10 times the pipe diameter in the vertical direction and 8 times the pipe diameter in the horizontal direction on both sides of the pipe. The side boundaries of the model were free to move in the vertical direction, but restrained against horizontal movement. The bottom boundary was fixed, preventing vertical and horizontal movement. Drainage was allowed only at the top soil surface and pore-water flow normal to the pipe-soil interface was prohibited. A schematic diagram of the problem studied and main notation used are shown in Fig. 1 .
A very small displacement of 1% of the pipe diameter, D, was applied at the pipe reference point in each step. Six-noded triangular plane strain elements of type CPE6MP within the ABAQUS library were used for discretization of the soil domain. A fine mesh with minimum side length of the triangular elements of 0.02D was adopted near the pipe. The extent of the finest meshing from the centre of the pipe at the start of the analysis was up to 1.25D on both sides and below from the mudline. Figure 2 shows the FE mesh before any pipe displacement and after the pipe had been penetrated into the soil by half its diameter.
Soil parameters
The MCC soil constitutive model (Roscoe and Burland 1968; Schofield and Wroth 1968 ) was adopted for this study. The numerical parameters used for all the analyses are listed in Table 1 . These are typical properties of the kaolin clay used for experimental research at The University of Western Australia (Stewart 1992) . A uniform pressure of 200 kPa was applied at the top soil surface. This alleviates numerical problems associated with the very low shear strength of the soil at the mudline when using the "Cam clay" soil model and normally consolidated conditions (Senthilkumar et al. 2011) .
As well as providing numerical stability, this surcharging technique minimizes the variation in soil properties with depth. This makes normalization of the results more straightforward, as properties such as the coefficient of consolidation and the initial undrained shear strength are essentially invariant with depth. The variation in shear strength with depth, often quantified by the relationship s ug D/s um , where s ug is the shear strength gradient and s um is the mudline strength intercept, affects the vertical and horizontal soil resistance. Adoption of an artificial surcharge of 200 kPa restricts the study to s ug D/s um of close to zero. However, the main focus here is to evaluate the general trends of response observed as a result of partial consolidation, compared with corresponding results for purely undrained conditions. The soil is considered to be one-dimensionally (K 0 ) consolidated, with K 0 given by
where tc is the angle of internal friction in triaxial compression. The initial effective stress state at the top of soil is a vertical stress of v = 200 kPa, and a horizontal stress of h = 120 kPa in both the lateral and in-plane directions. The pre-consolidation pressure, p c at a point in the soil domain was defined by assuming the soil is normally consolidated, so the current yield locus passes through the initial stress points. Consequently,
where p 0 and q 0 are the initial effective mean stress and deviatoric stress, respectively, at that depth and M is the slope of the critical state line in p-q space. The initial void ratio, e 0 , at a point is defined as
where (4) e 1 ϭ e cs ϩ ( Ϫ ) ln (2) with e cs being the void ratio at 1 kPa mean effective stress on the critical state line, the slope of the virgin consolidation line and the critical state line, and the slope of the swelling line.
The interface between the pipe and the soil was assumed to be fully smooth (mobilizing zero shear stress during tangential movement) or fully rough (with adjacent pipe and soil nodes being tied). The pore-water pressure distribution was initially hydrostatic.
Effect of loading rate on penetration resistance
Fully coupled consolidation stress analyses following the RITSS approach were performed. The pipe penetrated to an embedment of 50% of its diameter with different velocities, v, and thus different values of the nondimensional velocity, vD/c v . The consolidation coefficient, c v , can be determined from
where k is the permeability, m v is the volume compressibility, and ␥ w is the unit weight of water. The virgin compressibility in the Cam clay model is expressed as
A wide range of values of vD/c v from a very high velocity (vD/c v = 100) down to the lowest velocity corresponding to vD/c v (= 0.025) were considered. The highest velocity means that negligible excess pore-water pressure can dissipate and undrained conditions are approached. In contrast, slower velocities of the pipe lead to a partially drained and ultimately a fully drained response. This brackets the range of conditions expected to occur in practice. For very low-permeability clayey soils, the penetration response is most likely to be undrained; with increasing silt content, a par- tially drained response will occur; and fully drained penetration will occur in coarser soils. Figure 3 shows the variation of normalized penetration resistance with depth for a smooth pipe-soil interface, and Fig. 4 shows the same results for a rough pipe-soil interface. The resistance force is normalized using the undrained shear strength, s u0 , at the pipe invert obtained from the MCC parameters for K 0 -consolidated soil. For the plane strain conditions relevant here, the undrained shear strength, s u , may be expressed as (Wroth 1984 )
and ⌳ ϭ Ϫ For the parameters listed in Table 1 , the initial undrained shear strength obtained was 57.2 kPa at the mudline and 64.4 kPa at the bottom of the mesh.
At the two highest penetration rates, the resistance profiles are similar, suggesting that fully undrained conditions are almost reached. This is confirmed by the results of an analysis performed using the same numerical technique, but with the Tresca soil model and equivalent undrained shear strength. These results are also shown in Figs. 3 and 4. Excellent agreement is evident, indicating that the fastest cases correspond to practically undrained conditions.
At lower pipe velocities, the penetration resistances are higher (Fig. 3) . Numerical convergence problems were observed for a very low penetration rate simulating fully drained conditions. However, there are negligible differences in the resistance responses for vD/c v = 0.1 and vD/c v = 0.025 or 0.05. This indicates that pipe velocities corresponding to vD/c v = 0.1 or lower lead to essentially fully drained resistance, even though small excess pore pressures are still present. The contours of excess pore-water pressure normalized by the bearing pressure (q = V/D) at w/D = 0.5 for the highest and lowest penetration rates (nominally undrained and drained cases) for smooth and rough pipes are shown in Fig. 5 . For the lowest pipe penetration rate, the excess pore pressure generated beneath the pipe is much less compared to that for the undrained cases.
The ratio between the drained and undrained penetration resistance increases with pipe embedment. Compared to the smooth case, more resistance is observed at a particular embedment level for the rough pipe-soil interface. However, the relative increase in resistance from the fully undrained to the fully drained case is lower in the case of rough pipe. At the embedment level of w/D = 0.5, for the smooth pipe, a 72% increase in resistance is observed from the fully undrained condition to the fully drained condition, whereas a difference of approximately 48% is found for the rough pipe.
To illustrate the transition between drained and undrained conditions, the resistance (V) for a particular pipe velocity is normalized by the undrained resistance (V undrained ) at that depth and plotted against the nondimensional velocity. Figure 6 shows the resulting "backbone" curves at different embedment levels for smooth and rough pipes. For vD/c v ≤ 0.1, the resistance is independent of velocity and the response is essentially drained. For vD/c v ≥ 100, the response stabilizes and the response is fully undrained. The nondimensional velocities in between these limits correspond to partially drained behaviour. The backbone curves for smooth and rough pipes can be fitted to a simple hyperbolic equation of the form
where (vD/c v ) 50 is the normalized penetration rate that gives a response midway between the drained and undrained limits. For higher values of vD/c v , i.e., for undrained cases, V/V undrained tends to unity, so the value of parameter "a" is always 1. The parameter "b" controls the drained limit of the backbone curve as vD/c v ¡ 0. The quantities "c" and (vD/c v ) 50 were varied to obtain best-fit curves for all embedment levels for smooth as well as rough pipes. It was found that values of c = 1 and (vD/c v ) 50 = 2 gave reasonably fitting curves for all initial embedment and smooth and rough pipes. The parameter "b" depends on the initial embedment level and can be expressed as a power law function of the embedment depth. For a smooth pipe For comparison, a number of analyses were run for a low surcharge of 1 kPa at the top surface for the smooth pipe. For the case of 1 kPa surcharge, the value of c v varies considerably with depth. Hence, while calculating nondimensional velocity vD/c v , c v was chosen at depth of 1D. Figure 7 shows the backbone curves for different embedments for 1 kPa surcharge. The V/V undrained ratios are generally higher at the drained end for this case. However, for embedment levels of w/D = 0.2 or more, the backbone curves are closer to each other compared to the 200 kPa case. This indicates that for 1 kPa surcharge, the V/V undrained ratio increases less as the pipe penetrates deeper.
Consolidation settlement
At different levels of vertical embedment, i.e., at w/D = 0.1, 0.2, 0.3, 0.4, and 0.5, the consolidation settlement behaviour was also studied. The excess pore-water pressure generated during the undrained pipe penetration was allowed to dissipate under the full penetration resistance load experienced at the respective embedment level. The settlement (⌬w) variations for different embedment levels are shown in Fig. 8 , as a function of nondimensional time factor T (= c v t/D 2 ), for initial penetrations at speeds of vD/c v = 0.1 (drained) and 100 (undrained). For the (nominally) drained penetration case, the porewater pressure is partially dissipated during penetration and hence the subsequent consolidation settlement should be less than for the undrained case. However, this is more than compensated for by the greater resistance experienced during drained penetration, and thus higher loads applied during the consolidation phase. If the same load were to be applied during consolidation, the consolidation settlement would indeed be much less following drained penetration compared to the undrained case. This phenomenon is illustrated in Fig. 9 for the smooth pipe, where for the drained case the loads were reduced (following penetration, prior to consolidation) to the same as for the corresponding undrained case.
It may be seen that the overall time-scale of consolidation is the same, regardless of the degree of consolidation during initial penetration. The time-scale for consolidation settlement is essentially dictated by the far-field pore pressures, and is nearly two orders of magnitude greater than for pore pressure dissipation adjacent to the pipe (Chatterjee et al. 2012c ).
Pore water pressure dissipation time history
The axial and lateral resistance of the pipeline are affected significantly by the degree of consolidation following installation. This may be characterized by the average excess pore pressure around the embedded pipe perimeter (⌬u av ), normalized by the initial average value (⌬u av,init ), as plotted for different initial embedment levels against the nondimensional time T in Fig. 10 . The consolidation response can be fitted by a simple hyperbolic equation of the form
where T 50 is the nondimensional time required for 50% dissipation of the average excess pore pressure. The values of T 50 and index "m" for different embedment levels are tabulated in Table 2 . The T 50 values from the present study are less than those published previously for elastic soil (Gourvenec and White 2010) , indicating faster dissipation (Table 3) .
Lateral breakout resistance

Background
After the pipe is partially embedded into the seabed, it can be displaced laterally in response to internal temperature and pressure, or as a result of external hydrodynamic loading. The breakout resistance, i.e., the peak lateral resistance experienced by the pipe as it displaces laterally, depends strongly on the strength of the surrounding soil. The direction of the pipe movement at this stage also depends on the weight of the pipe relative to the strength of the seabed (although noting that this will not be simulated well in the present study, because of the artificially high shear strength resulting from the surcharge of 200 kPa).
The available solutions for breakout resistance in the literature are mainly confined to undrained breakout, with the strength of the surrounding soil being unaffected by consolidation. In reality, there is always a significant duration between pipe laying and operation. During this time, consolidation of the soil below and around the pipe can occur under the weight of the pipe and contents. Dissipation of positive excess pore-water pressure leads to an increase in the shear strength of the soil near the pipe. So, before breakout occurs, the strength distribution around the pipe is altered, and the breakout resistance is potentially raised. For personal use only.
The breakout resistance depends on the load path in V-H space, so the best basis for describing the potential breakout resistance is to determine the yield envelope in V-H space. In this study, yield envelopes in V-H load space have been evaluated by numerical analyses, for a smooth pipe-soil interface only, for two conditions: (i) immediately after undrained penetration (referred to as unconsolidated, undrained) and (ii) after full consolidation following undrained penetration (referred to as consolidated, undrained). In both cases, the pipeline movement during penetration and breakout was at rate corresponding to a normalized velocity of 100, giving nominally undrained conditions. The failure loads in V-H space were obtained by displacing the pipe by 10% of its diameter in different directions.
Unconsolidated undrained yield envelopes
Firstly, the unconsolidated undrained case is considered. The limiting values of vertical and horizontal resistances have been normalized by the initial undrained shear strength at that depth. The resulting yield envelopes in V-H space for w/D = 0.1, 0.2, 0.3, 0.4, and 0.5 are shown in Fig. 11 . These results exceed the equivalent results presented by Randolph and White (2008) by typically 15% because the latter analyses considered only a flat seabed (with the pipe wished into place) and ignored the self-weight of the soil. Buoyancy effects due to soil self-weight are minimal in the present study, because of the high shear strength. However, the berm of soil displaced during penetration in the present study results in greater soil resistance. Merifield et al. (2009) reported results of FE analyses using a Tresca model and also considered the effects of soil berms on the vertical penetration and horizontal breakout resistances. Results from that study for pure vertical and pure horizontal pipe movements are also shown in Fig. 11 . Their results are close to the present study, with a maximum error below 9% (except for w/D = 0.1). The close agreement confirms the correct operation of the MCC soil model for fully undrained conditions. Figure 12 shows the consolidated undrained yield envelopes for different initial embedment levels after full pore pressure dissipation. To make a comparison between the unconsolidated and consolidated cases, results for two initial embedment levels of w/D = 0.1 and 0.5 are plotted in Fig. 13 . The growth in the size of the yield envelope was 66% for pure vertical movement for both w/D = 0.1 and 0.5. For pure horizontal movement, the horizontal resistance is 138% greater for the consolidated case for w/D = 0.1, whereas the increase is 83% for w/D = 0.5.
Consolidated undrained yield envelopes
Contours of the strength increase compared to the original undrained shear strength at the embedment level of w/D = 0.5 (w/D ϳ 0.75 following consolidation) are shown in Fig. 14 . The consolidated strength reaches 2.1 times the original strength just beneath the pipe. The increase in strength is greatest beneath the pipe -within the soil that controls the response to vertical loading -and a lower increase in strength is evident to the side of the pipe -within the soil that controls the response to horizontal loading.
Fitted functions for yield envelopes
The FE results shown in Figs. 11 and 12 , which form the undrained yield envelopes, can be fitted by an equation with the form of a distorted ellipse
where 
Here, the parameters ␤ 1 and ␤ 2 skew the ellipse and f is a factor determining the aspect ratio of the ellipse; V max is the undrained resistance under pure vertical loading. The values of the parameters f, ␤ 1 , and ␤ 2 for different initial embedment levels and unconsolidated and consolidated cases are tabulated in Table 4 . The values of normalized V max versus normalized embedment for unconsolidated and consolidated cases are plotted in Fig. 15 . These responses can be fitted by a simple power law equation of the form 
Coefficients "a" and "b" for unconsolidated and consolidated cases are listed in Table 5 . In the same figure (Fig. 15) , results from Merifield et al. (2009) are also plotted for comparison with the unconsolidated undrained case and show good agreement.
Results for 1 kPa surcharge are also shown for the unconsolidated and consolidated cases in Fig. 15 . There are considerable buoyancy effects in the overall resistance for the 1 kPa surcharge case, unlike the 200 kPa case. The maximum penetration resistances for the 1 kPa surcharge case that are plotted in Fig. 15 are the geotechnical capacity after correction for buoyancy.
Concluding remarks
The consolidation of soil around deep-water pipelines is an important phenomenon to consider for correct prediction of pipesoil interactions. A large deformation finite element (LDFE) methodology combined with the modified Cam clay (MCC) plasticity soil model was developed for this study to explore the coupled consolidation behaviour beneath partially embedded seabed pipelines.
The penetration resistance during embedment of the as-laid pipes depends markedly on the rate of penetration, with the resistance increasing with the degree of consolidation during penetration. Results have been presented for both smooth and rough pipe-soil interfaces for normalized embedment, w/D, from 0.1 to 0.5. Up to 72% increase in resistance was observed from fully undrained to fully drained conditions. Backbone curves, i.e., penetration resistance versus nondimensional velocities for smooth and rough pipes, have also been presented. From these curves, fully drained conditions pertain for vD/c v = 0.1 or lower, while undrained conditions pertain for vD/c v = 100 or higher. The backbone curves are presented in terms of simple hyperbolic equations fitted to the LDFE results.
The strength of the soil beneath and around the pipe, and hence the breakout resistance, depends on the extent to which consolidation occurs following penetration. The resulting changes in the size and shape of the undrained yield envelopes were shown to be significant for initially normally consolidation conditions. It was found that the vertical bearing capacities were increased by 66% for embedments of w/D = 0.1 and 0.5, if consolidation under the full vertical bearing capacity was permitted following penetration. The resistances during pure horizontal movement were increased by 138% and 83% for w/D = 0.1 and 0.5, respectively. These effects of consolidation -which strongly influence the stability of an on-bottom pipeline -are important to consider in design to provide realistic prediction of pipe-soil interaction forces. In this study, the consolidation analyses were performed under the full bearing capacity, although in practice the applied load may be less during this phase, leading to a smaller strength increase. The resulting increases in V-H capacity presented here should therefore be taken as upper bounds to the potential range of behaviour. 
